Photoresponsive Liquid Crystal Elastomers as Feedback Controlled Light-driven Actuators – Theory, Real-time Behaviour, Limitations  by Lippenberger, Michael et al.
 Physics Procedia  83 ( 2016 )  1299 – 1307 
Available online at www.sciencedirect.com
1875-3892 © 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the Bayerisches Laserzentrum GmbH
doi: 10.1016/j.phpro.2016.08.137 
ScienceDirect
WK,QWHUQDWLRQDO&RQIHUHQFHRQ3KRWRQLF7HFKQRORJLHV/$1(
3KRWRUHVSRQVLYHOLTXLGFU\VWDOHODVWRPHUVDVIHHGEDFNFRQWUROOHG
OLJKWGULYHQDFWXDWRUV±WKHRU\UHDOWLPHEHKDYLRXUOLPLWDWLRQV

0LFKDHO/LSSHQEHUJHUDE3KLOLSS'HQJOHUE$QGUHDV:DQGLQJHUF0LFKDHO6FKPLGWDGH
aInstitute of Photonic Technologies (LPT), Friedrich-Alexander-Universität Erlangen-Nürnberg, Konrad-Zuse-Straße 3-5, 91052 Erlangen, 
Germany  
bPolymer Optical Fiber Application Center, Technische Hochschule Nürnberg, Wassertorstraße 10, 90489 Nürnberg, Germany 
cfiveTAU, Ing.- Gesellschaft für innovative Systeme, Römerhofweg 11, 85748 Garching, Germany 
dBayerisches Laserzentrum GmbH (blz), Konrad-Zuse-Straße 2-6, 91052 Erlangen, Germany 
eErlangen Graduate School in Advanced Optical Technologies (SAOT), Paul Gordan Straße 6, 91052 Erlangen, Germany 
$EVWUDFW
/LTXLG&U\VWDO(ODVWRPHUVFRQVWLWXWHDFODVVRILQWHOOLJHQWPDWHULDOVDQGDFWXDWRUV([WHUQDOVWLPXODWLRQLQGXFHVDQLQWHUQDOSKDVH
FKDQJHWKDWUHVXOWVLQDPHFKDQLFDOPRWLRQRIWKH/LTXLG&U\VWDO(ODVWRPHU([WHUQDOVWLPXOLFDQEHKXPLGLW\WKHUPDOHQHUJ\EXW
DOVRUDGLDWLRQZLWKDQDSSURSULDWHZDYHOHQJWK,QWKLVSDSHUZHXVHWKHSKRWRPHFKDQLFUHVSRQVHRI/LTXLG&U\VWDO(ODVWRPHUVDV
DGULYLQJIRUFHIRUDFRQWUROOHGDFWXDWRURSHUDWLQJLQIHHGEDFNFRQVWHOODWLRQZLWKDWXQHGFDVFDGHFRPSHQVDWRU7RDFFRPSOLVK
WKLVZH JR WKHPHWKRGLFDO URXWH RI G\QDPLF V\VWHP LQYHVWLJDWLRQ FRQVLVWLQJ RI DQ DQDO\VLV RI WKH SKHQRPHQRORJLFDO V\VWHP
SURSHUWLHVWKHLGHQWLILFDWLRQRIWKHG\QDPLFEHKDYLRXUDQGWKHRYHUDOOV\QWKHVLVRIWKHIHHGEDFNFRQWUROORRS6LQFHZHDOVRWDNH
SUDFWLFDOFRQVLGHUDWLRQVLQWRDFFRXQWZHSUHVHQWDFRRUGLQDWHGKDUGDQGVRIWZDUHFRQFHSWWRUHDOL]HWKHDSSOLFDWLRQRIWKH/LTXLG
&U\VWDO(ODVWRPHUDVDFRQWUROOHGDFWXDWRU$QDSSOLFDWLRQJXLGHFRPSOHPHQWVWKHSDSHUDQGGLVFXVVHVWKHOLPLWVRIWKLVFODVVRI
DFWXDWRUV
&RS\ULJKWOLQHZLOODSSHDUKHUH
3HHUUHYLHZXQGHUUHVSRQVLELOLW\RIWKH%D\HULVFKHV/DVHU]HQWUXP*PE+
Keywords:/LTXLG&U\VWDO(ODVWRPHU)HHGEDFN&RQWUROSKRWRUHVSRQVLYH'\QDPLF6\VWHPV6PDUW0DWHULDOV


&RUUHVSRQGLQJDXWKRU7HO
E-mail address:PLFKDHOOLSSHQEHUJHU#WKQXHUQEHUJGH
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the Bayerisches Laserzentrum GmbH
1300   Michael Lippenberger et al. /  Physics Procedia  83 ( 2016 )  1299 – 1307 
0DWHULDOVDQGH[FLWDWLRQPHFKDQLVPV
/LTXLG &U\VWDO (ODVWRPHUV /&(V FRQVWLWXWH D FODVV RI PDWHULDOV ZLWK SHFXOLDU SURSHUWLHV ,W LV SRVVLEOH WR
PDQLSXODWHWKHFKHPLFDOVWUXFWXUHLQVXFKDZD\WKDWDQH[WHUQDOVWLPXODWLRQFDXVHVDPHFKDQLFDOUHDFWLRQ
6XFK VWLPXOL FDQ EH WHPSHUDWXUH XOWUDYLROHW RU YLVLEOH UDGLDWLRQ RU VROYHQWV 7KH EDVLF FKDUDFWHULVWLFV DUH
GHWHUPLQHGE\ WZRPDLQ FRPSRQHQWVRI WKHPDWHULDO )LUVWO\ WKH VLOLFRQHEDFNERQH WKDW DFWV DV DQ HQWURS\HODVWLF
FRQWDLQHU,WLVSRVVLEOHWRGHIRUPWKLVFRQWDLQHUDQGWRGLVWXUEWKHHQWURSLHHODVWLFHTXLOLEULXP7KHVHFRQGSDUWLVWKH
OLTXLGFU\VWDOSKDVH7KHFU\VWDOVDUHEXLOWXSE\URGOLNHDQGVWDFNDEOHPHVRJHQVWKDWFDQIRUPFU\VWDOSKDVHV7KH
RULHQWDWLRQ LV EDVHG ERWK RQ WKH PROHFXODU DQG PDFURVFRSLF OHYHO %HFDXVH RI WKH URG OLNH VWUXFWXUH DQG
VXSUDPROHFXODU SURSHUWLHV WKHPHVRJHQV IRUP DPROHFXODU DUUDQJHPHQW LQ WKH OLTXLG FU\VWDO SKDVHV$GGLWLRQDOO\
WKURXJK DQ H[WHUQDO PHFKDQLFDO ILHOG WKDW ZDV DSSOLHG GXULQJ WKH PDQXIDFWXULQJ SURFHVV WKH /&( VKRZV D
PDFURVFRSLFRULHQWDWLRQ7KHRYHUDOORULHQWDWLRQFDQEHFKDUDFWHUL]HGE\DQRUGHUSDUDPHWHU,IWKHH[WHUQDOWULJJHULV
DSSOLHG WKH OLTXLG FU\VWDO SDUW RI WKH/&(XQGHUJRHV D SKDVH WUDQVLWLRQ DQG WKH HODVWRPHU FRQWDLQHU FRQYHUWV WKH
PHFKDQLFDOO\ VWUHWFKHG LQWR D UHOD[HG VWDWH )URP DQ HQHUJHWLF YLHZ WKH HODVWRPHU WXUQV IURP D QRQHTXLOLEULXP
HQWURSLF FRQGLWLRQ LQWR PD[LPXP GLVRUGHU DQG HQWURS\ 7KLV LV FRXSOHG ZLWK D FRQWUDFWLRQ LQ GLUHFWLRQ WR WKH
PHFKDQLFDORULHQWDWLRQWKDWZDVDSSOLHGGXULQJWKHRULHQWDWLRQSURFHVV7KHPHFKDQLVPLVFRPSOHWHO\UHYHUVLEOH,Q
)LJ  WKHJHQHUDO VWUXFWXUHRI/&(V LV VNHWFKHG ,Q WKLV SDSHUSKRWRUHVSRQVLYH/&(V DUH LQYHVWLJDWHG3DUWO\ WKH
OLTXLG FU\VWDOV DUH EDVHG RQ WKH URG OLNH VWUXFWXUH RI WKH D]RPRLHWLHV LQ WUDQVFRQILJXUDWLRQ WKLVPRLHWLHV DFW DV
PHVRJHQV DQG IRUP FU\VWDOOLQH SKDVHV 7KURXJK XOWUDYLROHW UDGLDWLRQ WKLV PROHFXOH XQGHUJRHV DQ LVRPHUL]DWLRQ
SURFHVVDQG LV WKHQ WUDQVIRUPHG LQ WKHFLVFRQILJXUDWLRQ7KDWPHDQV WKDW DEUXSWO\ WKHSUHYLRXVO\HDVLO\ VWDFNDEOH
PROHFXOHFKDQJHVLQWRDJHRPHWULFDOIRUPWKDWQRORQJHUDOORZVWKHIRUPLQJRIFU\VWDOOLQHGRPDLQVDVHDV\DVLQWKH
WUDQVFRQILJXUDWLRQ7KHPHFKDQLVPRIWKHFRQWUDFWLRQLVLQGLFDWHGLQ)LJ
7KURXJKWKHLVRPHUL]DWLRQSURFHVVWKHFRQWUDFWLRQRIWKH/&(FDQEHWULJJHUHGE\SKRWRQLFLQWHUDFWLRQHVSHFLDOO\
ZLWKXOWUDYLROHWUDGLDWLRQLQWKHUHJLRQRIQP7KHHIIHFWRILVRPHUL]DWLRQSURFHVVLQFRPELQDWLRQZLWKWKHSKDVH
WUDQVLWLRQDQGWKHUHODWHGFRQWUDFWLRQRIWKH/&(DUHZHOONQRZQDQGVWXGLHG=KDRDQG,NHGD:DUQHUDQG
7HUHQWMHY  ,Q WKLV SDSHU WKHPDLQ IRFXV LV FRQFHQWUDWHGRQ WKHG\QDPLFV DQG WKHSRVVLELOLW\ WR FRQWURO WKH
FRQWUDFWLRQ SURFHVV WKURXJK WKH SKRWRQLF H[FLWDWLRQ )RU D GHWDLOHG YLHZ RQ WKH SKRWRG\QDPLFV WKH UHDGHU LV
UHIHUHQFHGWR+RJDQHWDO&YLNOLQVNLHWDO6iQFKH])HUUHUHWDODQG.QHåHYLüHWDO
7KHSKRWRPHFKDQLFDOHIIHFWVDUHGULYHQE\ WKHSKRWRG\QDPLFVRI WKH LVRPHUL]DWLRQSURFHVV7KH LVRPHUL]DWLRQ
SURFHVVFDQEHGHVFULEHGLQDTXDQWLWDWLYHDQGG\QDPLFZD\+HUHWKHWZRFRQYHUVLRQUDWHVIURPWKHWUDQVWRWKH
PHWDVWDEOHFLVVWDWH DQG WKHEDFN UHDFWLRQPXVWEHFRQVLGHUHG0RUHRYHUZHKDYH WRGHVFULEH WKHSKRWRVWDWLRQDU\
VWDWHDVZHOODVWKHG\QDPLFUHDFWLRQRIWKHH[FLWDWLRQDQGUHOD[DWLRQSURFHVVRIWKHSKRWRLQGXFHGLVRPHUL]DWLRQ7KH
SKRWRVWDWLRQDU\ VWDWH HT  DV ZHOO DV WKH G\QDPLF H[FLWDWLRQ HT  FDQ EH GHVFULEHG E\ VLPSOH OLQHDU UDWH
HTXDWLRQV :DUQHU DQG7HUHQWMHY +HUHĭ UHSUHVHQWV WKHYROXPH IUDFWLRQRISKRWRQLFPRLHWLHV DQGĭ WKH
)LJ3KRWRQLFDFWLYDWLRQSURFHVVVWDUWLQJZLWKDVWUHFKWHG/&(
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FXUUHQWQRQH[FLWHGSKRWRQLFPRLHWLHV,LVWKHLOOXPLQDWLRQLQWHQVLW\DQGȘWKHUDWHRIPROHFXODUDEVRUSWLRQZLWK߬F
DVWKHOLIHWLPHRIWKHH[FLWHGFLVVWDWH
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WKHSKRWRSK\VLFDOSURFHVVRILVRPHUL]DWLRQ,QWKHIROORZLQJVHFWLRQVRIWKLVSDSHUDQDSSURDFKLVGHYHORSHGWRWXUQ
/&(VLQWRSKRWRQLFFRQWUROOHGDFWXDWRUVZLWKDGHILQHGH[FLWDWLRQPHFKDQLVPDQGWKHUHE\RSHQVXSWKHSRVVLELOLW\WR
LQWHJUDWHWKLVPDWHULDOLQLQWHOOLJHQWRSWRPHFKDQLFGHYLFHV
0HWKRGV
7KHPHDVXUHPHQW VHWXS LVDV VLPSO\DVSRVVLEOH WRDFKLHYHDGLUHFWPHDVXUHPHQWRI WKHSKRWRG\QDPLFVRI WKH
/&(7KH/&(ILOP LV FODPSHGDQGKDQJV IUHHO\ZLWKRXWPHFKDQLFDO FRXSOLQJ VR IULFWLRQDQG VWLFWLRQ IRUFHVDUH
DYRLGHG7KHGLVSODFHPHQWPHDVXUHPHQWLVGRQHFRQWDFWOHVVZLWKDODVHUWULDQJXODWLRQPHDVXUHPHQWGHYLFH$VPDOO
ZHLJKWLVFRXSOHGRQO\WRDFKLHYHDVOLJKWVWUHWFKLQJRIWKH/&(ILOP7KHH[FLWDWLRQYLDXOWUDYLROHW/('VZLWKWKH
ZDYHOHQJWKVRIQPWDNHVSODFHIURPERWKVLGHVRIWKH/&(VRWKHH[FLWDWLRQLVV\PPHWULF2WKHUZLVHDEHQGLQJ
WRZDUGVDVLQJOH/('ZRXOGRFFXUGXHWRWKHDV\PPHWULFH[FLWDWLRQDQGWKHFRQWUDFWLRQRIWKHOD\HUVRIWKH/&(
LUUDGLDWHGSUHIHUDEO\DWWKHVLGHIDFLQJWKH/('7RDYRLGQRQOLQHDULWLHVWKHHIIHFWLYHLUUDGLDWLRQLVDGMXVWHGZLWKD
SXOVHZLGWKPRGXODWHGFXUUHQWGULYLQJWKH/('1RZLWLVYHU\LPSRUWDQWWRFRQVLGHUWKDWWKH3:0IUHTXHQF\PXVW
EHKLJKHUWKDQWKHUHVSRQVHRIWKH/&(DQGWKHPDWHULDO&RQVLGHULQJWKHIDFWWKDWWKHUHDFWLRQWLPHVRIWKH/&(DUH
LQWKHDUHDRIVHFRQGVW\SLFDOO\±VHFD3:0SXOVHRI+]VKRXOGEHVXIILFLHQWDQGJXDUDQWHHVWKDWWKH
OLPLWVRIWKH/('DUHQRWUHDFKHGDQGWKHSXOVHVDUHVKDUSHGJHGDQGIRUPDFRUUHFW3:0VLJQDO,WLVSRVVLEOHWR
DGMXVWWKHHIIHFWLYHLUUDGLDWLRQOLQHDUIURP±%HIRUHPHDVXULQJWKHZKROHWHVWVHWXSLVFDOLEUDWHGVRLWLV
SRVVLEOHWRFRPSHQVDWHDQRIIVHWDQGWRDFKLHYHDUHVROXWLRQLQWKHPLFURPHWHUUDQJH)LJVKRZVWKHPHDVXUHPHQW
VHWXS7KH/&(KDVDW\SLFDOGLPHQVLRQRIPP[PP[PP


 )LJ0HDVXUHPHQWVHWXSFRQWDLQLQJZLWKXOWUDYLROHWLOOXPLQDWLRQRIWKH/&(DQGSKRWRFRQWUDFWLRQPHDVXUHPHQW
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7KH UHDOWLPH FDSDEOH PHDVXUHPHQW HTXLSPHQW VKRZQ LQ )LJ  FRQVLVWV PDLQO\ RI WZR HPEHGGHG UHDOWLPH
SURFHVVRUVRQH IRUDFWXDWRUGULYLQJ FDOOHG WKHDFWXDWRUSURFHVVRUDQGRQHIRUGDWDDFTXLVLWLRQ FDOOHG WKHVHQVRU
SURFHVVRU (DFK UHDOWLPH SURFHVVRU FRQWDLQV D VWDWHRIWKHDUWPLFURFRQWUROOHU HVSHFLDOO\ HTXLSSHG IRU UHDOWLPH
GDWDSURFHVVLQJDQGDOVRDOOQHFHVVDU\KDUGZDUHGULYHUFKLSVWRSURYLGHD3:0VLJQDOIRUWKH/('FRQWUROOHUUHVS
WR LPSRUW GLVSODFHPHQW GDWD IURP WKH ODVHU VHQVRU $GGLWLRQDOO\ ERWK SURFHVVRUV DOORZ WKH FDOLEUDWLRQ RI WKH
PHDVXUHPHQWHTXLSPHQWDVZHOODVORZOHYHOGDWDSURFHVVLQJSUHSDUDWLRQDQGILOWHULQJ7KHUHDOWLPHSURFHVVRUVDUH
FRQQHFWHG WR WKH /DE3& YLD D YHU\ VLPSOH EXW HDV\ WRPDQDJH86%8$57 8QLYHUVDO$V\QFKURQRXV5HFHLYHU
7UDQVPLWWHULQWHUIDFHRQHDFKSURFHVVRU7KH8$57LQWHUIDFHVXVHDSODLQEXWUHDOWLPHFDSDEOHSURWRFROIRUERWK
GDWDH[FKDQJHDQGKDQGVKDNLQJIROORZLQJDVWDEOHDQGUREXVWSXVKSXOODSSURDFK,QRUGHUWRVXSSRUWUHDOWLPHLQ
VFLODE[FRVDQGLQRUGHUWRSURYLGHDOOQHFHVVDU\LQWHUIDFHVWRWKHRXWHUZRUOGVFLODELVH[WHQGHGE\WKHKDUWWRROER[
1DKUVWDHGW  DQG WKH VHULDO FRPPXQLFDWLRQ WRROER[ $7206  8SRQ LQLWLDOL]DWLRQ RI DOO 8$57
LQWHUIDFHV RQ WKH /DE3& DIWHU VWDUWLQJ 6FLODE HDFK GDWDSURFHVVLQJURXQG IROORZV VWULFWO\ WKH IROORZLQJ VWHSSHG
VFKHPHUHDGWKHLQSXWVGRWKHSURFHVVLQJZULWH WKHRXWSXWV,QVWHS[FRVUHTXHVWV WKHPRVWUHFHQW
GDWD IURP WKH ODVHUVHQVRU E\ LVVXLQJ D SXOOFRPPDQG WR WKH VHQVRU SURFHVVRU ,Q RUGHU WR EH DEOH WR VHUYH WKLV
UHTXHVW LPPHGLDWHO\ WKH VHQVRU SURFHVVRU NHHSV DQ LQWHUQDO GDWDVWDWH RI WKH PRVW UHFHQW GDWD WKDW LV LQ WXUQ
FRQWLQXRXVO\ LPSRUWHG IURP WKH ODVHU VHQVRU 7KHVH FRQWLQXRXV XSGDWHV DUH SHUIRUPHG DV\QFKURQRXVO\ WR WKH
UHTXHVWV RI WKH /DE3& DW WKH KLJKHVW DFKLHYDEOH GDWDUDWH 6R WKH VHQVRU SURFHVVRU DV ZHOO DV WKH DFWXDWRU
SURFHVVRUVHUYHVDVDGDWDEXIIHUIRUUHDOWLPHVXSSRUW$IWHUWKHGLVSODFHPHQWGDWDKDYHEHHQUHFHLYHGE\[FRVRQ
WKH /DE3& WKH GDWD DUH SURFHVVHG DV QRUPDO E\ [FRV LQ VWHS $IWHU WKH UHVXOW KDV EHHQ FDOFXODWHG WKH QHZ
FRQWUROGDWDLVWUDQVIHUUHGWRWKHDFWXDWRUSURFHVVRULQVWHSZKLFKVWRUHVWKHVHQHZGDWDLPPHGLDWHO\LQLWVGDWD
VWDWHDQGFRPSOHWHV WKHKDQGVKDNLQJSURFHVVHVE\VHQGLQJDVKRUWDFNQRZOHGJPHQWPHVVDJHWR WKH/DE3&,QDQ
DQDORJSURFHVVWRWKHVHQVRUSURFHVVRUWKHDFWXDWRUSURFHVVRULQWXUQVKLIWVLWVLQWHUQDOGDWDVWDWHFRQWLQXRXVO\WRWKH
FRQQHFWHG/('FRQWUROOHU DV\QFKURQRXVO\ WR WKH/DE3&EXWZLWK WKHKLJKHVWDFKLHYDEOHGDWDUDWH(YHQ WKRXJK
ERWKSURFHVVRUVDOORZUHDOWLPHGDWDDFTXLVLWLRQDQGSURFHVVLQJE\SURYLGLQJIL[HG:&(7VZRUVWFDVHH[HFXWLRQ
WLPHV IRU WKHLU PDLQ SXVK DQG SXOORSHUDWLRQV WKH FUX[ RI WKH PDWWHU LV WKH UHDOWLPHVXSSRUW LQ VFLODE[FRV
SURYLGHG E\ WKH KDUWWRROER[ $IWHU WKH KLJKHVW SRVVLEOH XSGDWHUDWH RI WKH ZKROH FRQWURO V\VWHP KDV EHHQ
GHWHUPLQHGE\DGGLQJXSWKH:&(7VRIDOOLQYROYHGVXEV\VWHPVLWLVSRVVLEOHWRDGMXVWWKHDPRXQWRIFRPSXWDWLRQ
URXQGVSHUVHFRQGLQVFLODE7KLVSDUDPHWHUVKRXOGEHKLJKHQRXJKWREHDEOHWRSURSHUO\VHHWKHWLPHEHKDYLRURI
WKH V\VWHPDV ILQHJUDLQHG DV SRVVLEOH EXW LWPXVW EH ORZHQRXJK WR HQDEOH WKH V\VWHP WR FRPSOHWH HYHU\ URXQG
ZLWKRXWYLRODWLQJWKHDFFXPXODWHG:&(77KHODVWVWHSIRUUHDOWLPHVXSSRUWLVWRDGGDUHDOWLPHEORFNLQWKH[FRV
PRGHOWKDWDGMXVWVHYHU\URXQGWRDSUHGHILQHGDQGIL[HGH[HFXWLRQWLPHE\LQWURGXFLQJYDULDEOHZDLWLQJWLPHV)RU
H[DPSOHZKHQDQH[HFXWLRQWLPHRIPVLVVHOHFWHGWKHV\VWHPPXVWEHDEOHWRFRPSOHWHDURXQGLQOHVVWKDQ
PVLQDQ\FDVHRWKHUZLVHDUHDOWLPHYLRODWLRQZRXOGRFFXU,QRUGHUWRDFKLHYHWKHQHFHVVDU\V\QFKURQL]DWLRQ
ZLWKWKHUHDOWLPHWKHUHDOWLPHEORFNIRUFHV[FRVWRZDLWXQWLOWKHPVDUHUHDFKHGH[DFWO\LQHYHU\URXQG7KLV
DSSURDFKDOORZVIRUDQDFFXUDWHVLPXODWLRQRIWKHZKROHFRQWUROV\VWHPZLWKDPRVWUHDOLVWLFWLPLQJEHKDYLRU



)LJ'DWDSURFHVVLQJVFKHPH
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([SHULPHQWDOUHVXOWV
,Q/LSSHQEHUJHU DQDSSURDFKKDVEHHQGHYHORSHG WRGHVFULEH WKHG\QDPLFV\VWHPUHVSRQVHRID/LTXLG
&U\VWDO(ODVWRPHUZLWKDVHFRQGRUGHUV\VWHPWUDQVIHU IXQFWLRQHT:KHUH*V LV WKH WUDQVIHU IXQFWLRQRI WKH
SODQW /&( DQG &V WKH /DSODFH WUDQVIRUP RI WKH FRQWUROOHG YDULDEOH RXWSXW ZKLFK LQ RXU FDVH LV WKH
SKRWRFRQWUDFWLRQ5VLVWKH/DSODFHWUDQVIRUPRIWKHSRVLWLRQUHIHUHQFHLQSXW
ܩሺݏሻ ൌ 
ܥሺݏሻ
ܴሺݏሻ
ൌ 
݇
ݏଶ ൅ ܽଵݏ ൅ ܽ଴
ሺ͵ሻ 
7KLVSURFHGXUHFDQRQO\EHUHJDUGHGDVDQDSSUR[LPDWLRQEXWFRQVLGHUVWKHPDLQDVSHFWVRIHQHUJ\FRQVHUYDWLRQ
DQG HQHUJ\GLVVLSDWLRQPHFKDQLVPV LQ /LTXLG &U\VWDO (ODVWRPHUV WKDW DUH QHFHVVDU\ WR FKDUDFWHUL]H WKH G\QDPLF
EHKDYLRU 6R WKH VHFRQGRUGHU DSSURDFK RSHQV XS WKH SRVVLELOLW\ WR UXQ DOO WKH FRQYHQWLRQDO DQG VRSKLVWLFDWHG
WHFKQLTXHVWRVROYHWKHFRQWUROSUREOHPDQGPRUHRYHUGXHWRWKHWKHRU\RI/LTXLG&U\VWDO(ODVWRPHUVPRUHWKDQD
EODFNER[PRGHO LV DYDLODEOH$W WKLV SRLQW LW VKRXOG EH QRWHG WKDW WKH UHVXOWV RI LGHQWLILFDWLRQZLWK LQSXWRXWSXW
UHODWLRQVUHSUHVHQWVRQO\WKHSDUWRIWKHV\VWHPWKDWLVFRPSOHWHO\FRQWUROODEOHDQGREVHUYDEOH.DOPDQ
,QWKHILUVWVWHSWKHRSHQORRSG\QDPLFVHVSHFLDOO\WKHVWHSUHVSRQVHLVUHFRUGHGDQGILWWHGWRWKHFRUUHVSRQGLQJ
WLPHIXQFWLRQWR\LHOGWKHFRHIILFLHQWVRIWKHWUDQVIHUIXQFWLRQ*V,QWKHQH[WVWHSWKHFRQILJXUDWLRQLVRSHUDWHGLQ
IHHGEDFN FRQVWHOODWLRQ DV D WUDFNHU ZLWKRXW D FRQWUROOHU $ FDVFDGH FRPSHQVDWRU WKHQ LV DSSOLHG WR LPSURYH WKH
WUDQVLHQWUHVSRQVHDVZHOODVWRUHGXFHWKHVWHDG\VWDWHHUURU
3.1. Open-loop dynamics – System Response 
7RJHWD ILUVW LQVLJKW LQ WKHG\QDPLFSURSHUWLHVRI WKH/LTXLG&U\VWDO(ODVWRPHU WKHV\VWHPZDVH[FLWHGZLWKD
VWHSOLNH LQSXW ,Q )LJ  WKH UHFRUG RI WKLV H[SHULPHQW LV VKRZQ ,W LV FOHDUO\ HYLGHQW WKDW LQ WKLV FDVH WKH
FKDUDFWHULVWLFEHKDYLRURI WKH OLTXLGFU\VWDO HODVWRPHUFDQEHGHVFULEHGE\D VHFRQGRUGHU V\VWHP UHVSRQVHZKHUH
GDPSLQJSOD\VDJRYHUQLQJUROH,QWKLVFDVHZHKDYHDQRYHUGDPSHGV\VWHPGDPSLQJIDFWRU!7KLVPDWFKHV
ZLWK WKH H[SHULHQFH EDVHG RQ WKH H[SHULPHQWV ZKHUH ZH FDQ FDWHJRUL]H WKH V\VWHP UHVSRQVH EHWZHHQ FULWLFDOO\
GDPSHGGDPSLQJIDFWRU DQGRYHUGDPSHGGDPSLQJIDFWRU!RULQRWKHUZRUGVKDUPRQLFRVFLOODWLRQZDV
QHYHU REVHUYHG DQG WKH SROHV DUH DOZD\V UHDO 7KURXJK WKH LGHQWLILFDWLRQ H[SHULPHQW ZLWK WKH VWHS LQSXW WKH
IROORZLQJV\VWHPWUDQVIHUIXQFWLRQZDVGHWHUPLQHGHT
ܩ௅஼ாሺݏሻ ൌ ܩ௣௟௔௡௧ሺݏሻ ൌ 
ͳ
ʹǤʹ
 ή 
ͳ
ሺݏ ൅ ͲǤʹͷሻ ή ሺݏ ൅ ͳǤͺሻ
ሺͶሻ 
7KHLPSRUWDQWIHDWXUHVRIWKHV\VWHPFDQEHGLVFXVVHGDWWKLVVWDJHE\DQDO\]LQJWKHV\VWHPWUDQVIHUIXQFWLRQ7KH
PDLQFKDUDFWHULVWLFVFDQEHUHODWHGWRWKHSROHVWKDWDUHORFDWHGLQWKHOHIWDUHDRIWKHFRPSOH[SODQH7KHURRWORFXV
RIWKHV\VWHPEHJLQVDWWKHSROHVDWV DQGV DQGIRULQFUHDVLQJORRSJDLQDSSURDFKHDFKRWKHUXQWLOWKH
URRWVEUHDNDZD\ZLWKDQLQFUHDVLQJLPDJLQDU\SDUW6RWKHRUHWLFDOO\WKHV\VWHPFDQEHIRUFHGZLWKKLJKORRSJDLQ
WR IXOILOO D GDPSHG KDUPRQLF RVFLOODWLRQ EXW QHYHU FURVVHV WKH LPDJLQDU\ D[LV WKDW PHDQV LW VKRZV DQ LQKHUHQW
VWDELOLW\,Q)LJWKHPHDVXUHGVWHSUHVSRQVHLVLOOXVWUDWHG$GGLWLRQDOO\WKHURRWORFXVRIWKHV\VWHPLVVNHWFKHG
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3.2. Closing the loop – Improvement of performance 
,QWKHYHU\ILUVWVWHSWKHIHHGEDFNORRSLVFORVHGEXWQRFRQWUROOHULVLQVWDOOHG*&V 7KURXJKWKHIDFWWKDW
WKHGLVSODFHPHQWVHQVRUJLYHVGLUHFWO\WKHSURSHUYDOXHRIWKHFRQWUDFWLRQLWLVDOORZHGWRVHWWKHIHHGEDFNHOHPHQW
+V ,Q)LJWKHUHVXOWLVVKRZQ7KHQRQFRPSHQVDWHGV\VWHPUHPDLQVDWWKDWWKHSRVLWLRQRIPLFURPHWHU
DQGGRHVQRWUHDFKWKHUHTXLUHGYDOXH




7KHLQKHUHQWEHKDYLRURIWKH/LTXLG&U\VWDO(ODVWRPHULVQRWUHDOO\VDWLVI\LQJZLWKDSRRUWUDQVLHQWUHVSRQVHLQ
DGGLWLRQZLWKWKHKLJKVWHDG\VWDWHHUURUWKDWLVFKDUDFWHULVWLFIRUDW\SHV\VWHPZKLFKPHDQVWKDWWKHHIIHFWRIDQ
LQWHJUDWRU LVPLVVLQJ7KLVZDVIXUWKHUFRQILUPHGE\WKHIDFWWKDWZLWKDVLPSOHSURSRUWLRQDOFRQWUROOHU LWZDVQRW
SRVVLEOHWRUHGXFHWKHVWHDG\VWDWHHUURUWR]HUR


)LJ1RUPDOL]HGVWHSUHVSRQVHOHIWDQGFRUUHVSRQGLQJURRWORFXVULJKW
)LJ*HQHUDOIHHGEDFNFRQVWHOODWLRQZLWKFDVFDGHFRQWUROOHU
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

7RFRSHZLWK WKHVHSUREOHPVDFDVFDGHFRPSHQVDWRUKDVEHHQ LQWURGXFHG7KHDLP LV WR LPSURYH WKH WUDQVLHQW
UHVSRQVHDQGHVSHFLDOO\FRUUHFWWKHVWHDG\VWDWHHUURU7RDFKLHYHWKLVDFRPSHQVDWLQJ]HURLVSODFHGYHU\FORVHWR
WKH SROHZLWK WKH KLJK WLPH FRQVWDQW V  $GGLWLRQDOO\ WR UHGXFH WKH VWHDG\VWDWH HUURU DQG WR LQFUHDVH WKH
V\VWHPRUGHUDQLQWHJUDWRUHOHPHQWDWV LVDGGHG)LQDOO\WKHJDLQZDVDGMXVWHGWR\LHOGDQDFFHSWDEOHRYHUVKRRW
DQG V\VWHP EHKDYLRU 7KH UHVXOWV DUH VKRZQ LQ )LJ  FRPSDUHG ZLWK WKH QRQFRPSHQVDWHG V\VWHP ZH KDYH DQ
DFFHSWDEOHWUDQVLHQWUHVSRQVHZLWKDVDWLVI\LQJVWHDG\VWDWHEHKDYLRU
7KHVWHDG\VWDWHHUURUFDQEHFDWHJRUL]HG IRU WKHVWHS UDPSRUSDUDEROLF LQSXW7KHH[LVWHQFHRIDVWHDG\VWDWH
HUURULVGHSHQGHQWRQWKHV\VWHPW\SHDQGWKHORRSJDLQ%HFDXVHRIWKHIDFWWKDWDQLQWHJUDWRULVLQWURGXFHGZLWKWKH
FRQWUROOHUIXQFWLRQWKHV\VWHPIROORZVDVWHSUHVSRQVHZLWKDFFHSWDEOHGHYLDWLRQ7KLVGRHVQRWDSSO\IRUWKHUDPS
LQSXW+HUHWKHV\VWHPRUGHULVQRWVXIILFLHQWWRUHGXFHDQH[LVWLQJVWHDG\VWDWHHUURU,Q)LJDFRPELQDWLRQRIVWHSV
DQGUDPSLQSXWZHUHDSSOLHGWRWKHV\VWHPDQGWKHUHVSRQVHZDVUHFRUGHG



)LJ&ORVHGORRSVWHSUHVSRQVHZLWKQRFRQWUROOHUGDVKSRLQWHGOLQHDQGZLWKFRQWUROOHUGDVKHGOLQH
)LJ)HHGEDFNFRQWUROVWHSDQGUDPSLQSXWZLWKFRQWUROOHUDQGUHGXFHGVHFRQGRUGHUDSSURDFK
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$SSOLFDWLRQJXLGHDQGOLPLWDWLRQV
%HVLGHV WKH DERYHGLVFXVVHGG\QDPLF LQYHVWLJDWLRQZHPD\ DOVR GLVFXVV WKH VWDWLFPHFKDQLF EHKDYLRU DQG WKH
UHODWHG OLPLWDWLRQV WKDWPD\ UHVWULFW WKH ILHOGRI DSSOLFDWLRQ7KH UHVWULFWLRQV DUHPDLQO\DWWULEXWHG WR WKHPD[LPDO
XWLOL]DEOHIRUFHDQGWKHFRQVHTXHQWGXUDELOLW\LQWHUPVRIF\FOLFSKDVHWUDQVLWLRQVRIWKHPDWHULDO7KHUHIRUHDVHULHV
RI PHDVXUHPHQWV KDV EHHQ SHUIRUPHG WR GHWHUPLQH WKH PD[LPDO IRUFH DQG WKH FRXQW RI FRQVHFXWLYH RSWLFDO
DFWLYDWLRQVRIWKHDFWXDWRUXSWRWKHGHVWUXFWLRQRIWKHPDWHULDO7KHPDWHULDOLVKHOGE\WZRVWDWLFFODPSVZKHUHRQH
LV PRXQWHG WR D IRUFH VHQVRU RQ D VSHFLDOO\ PDQXIDFWXUHG GHYLFH DQG DFWLYDWHG E\ D 89/(' ZLWK D SHDN
ZDYHOHQJWKRIQP)LJVKRZVDQH[FHUSWRIWKHUHVXOWLQJJUDSK



)LJ6WDWLFPHFKDQLFEHKDYLRXU
(DFKF\FOH LQ)LJFRQVLVWVRIDVHFRQGDFWLYDWLRQ /('RQSHULRG IROORZHGE\DVHFRQGFRROGRZQ
SHULRG7KHPHDVXUHGPD[LPDOIRUFHDYHUDJHVDWDSSUR[LPDWHO\P1
'XHWRWKHV\QWKHVLVSURFHVVWKHILOPVVKRZDWKLFNQHVVEHWZHHQDQGP7KHILOPH[DPLQHGKHUHLVPP
ZLGHDQGPPWKLFN7KHUHIRUHWKHUHVXOWLQJWHQVLRQLVDSSUR[LPDWHO\N3D7KHPDWHULDOKHOGF\FOHV
EHIRUHIDLOXUHZKLFKLVDSRVLWLYHUHVXOWZLWKUHVSHFWWRWKHG\QDPLFORDGDSSOLHGWRWKHPDWHULDO7KHGXUDELOLW\RI
WKHPDWHULDOVLVWKHUHIRUHOHVVUHVWULFWLQJWKDQWKHWHQVLRQRIWKHPDWHULDOZKLFKDSSOLHVPDLQO\WRPLFURPHFKDQLFV
'LVFXVVLRQ
3KRWRDFWLYDWDEOH/LTXLG&U\VWDO(ODVWRPHUVDUHDQLQWHUHVWLQJFODVVRIDFWXDWRUVDQGLWKDVEHHQGHPRQVWUDWHGLQD
ILUVW VWHS WKDW LW LV SRVVLEOH WR XVH WKH /&(V DV D FRQWUROOHG DFWXDWRU ,Q WKLV SDSHU WKH PDLQ HPSKDVLV ZDV WR
XQGHUVWDQGDQGPDVWHUWKHSULQFLSDOG\QDPLFVRIWKHSKRWRPHFKDQLFUHVSRQVHRIWKH/LTXLG&U\VWDO(ODVWRPHUDQG
WKHFRQVHTXHQFHVWKDWFDQEHGUDZQIRU WKHDSSOLFDWLRQ:HLQWHQWLRQDOO\FKRRVHWKHDSSOLFDWLRQRIWKHURRW ORFXV
ZKLFKEHORQJV WR WKH FDWHJRU\RI FRQYHQWLRQDOPHWKRGV7KH DGYDQWDJHRI WKLV SDUWLFXODUPHWKRG LV WKDW WKH URRW
ORFXVPHWKRGGLUHFWO\JLYHVDJRRGRYHUYLHZRIWKHVWHDG\VWDWHWKHWUDQVLHQWUHVSRQVHDVZHOODVWKHLPSDFWRIJDLQ
YDULDWLRQ,QRXUFDVHZHDFKLHYHGDUHVROXWLRQLQWKHPLFURPHWUHUDQJHZKLFKZDVGHWHUPLQHGDQGOLPLWHGE\WKH
DSSOLHG PHDVXUHPHQW HQYLURQPHQW HVSHFLDOO\ WKH IHHGEDFN VHQVRU )RU IXUWKHU RU LQGXVWU\ DSSOLFDWLRQV WKH
FRPSRQHQWVPXVWEHFKRVHQWRIXOILOWKHJLYHQUHTXLUHPHQWVIRUPRUHRUOHVVDFFXUDF\
7KHTXDQWLWDWLYH UHVROXWLRQVKRXOGEHVHHQVHSDUDWHO\ IURP WKHJHQHUDOG\QDPLFVKHUHZHDFKLHYHGDFFHSWDEOH
UHVXOWV XQGHU WKH DVVXPSWLRQ WKDW WKH OLQHDU VHFRQGRUGHUPRGHO DSSURDFK LV DSSOLFDEOH $ FRPSHQVDWRU ZDV
LQWURGXFHGWKDWUDLVHGWKHV\VWHPW\SHVRWKDWWKHHUURULQWHUPVRIVWHSLQSXWVZDVKHGRXW([LVWLQJQRQOLQHDULWLHVLQ
WKHV\VWHPZHUHQHJOHFWHGLQWKLVILUVWVWHSEXWLWVKRXOGEHQRWHGWKDWIHHGEDFNLQJHQHUDOKDVDOLQHDUL]LQJHIIHFWRQ
WKH V\VWHP RU UDWKHU WKH HIIHFWV RI VRPH QRQOLQHDULWLHV DUH PLQLPL]HG E\ DQ DSSURSULDWH ORRS JDLQ:DUQHU DQG
7HUHQWMHY  VWDWH DW WKLV SRLQW WKDW WKH G\QDPLFV RI SKRWRPHFKDQLFDO HIIHFWV VKRXOG EH WDNHQ DV KLJKO\
QRQOLQHDU DW OHDVW LI RUGHU DQG VWUHVV LV WDNHQ LQWR DFFRXQW ,W LV FUXFLDO WR ILQG RXW LI WKH EHKDYLRXU RI WKH
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SKRWRFRQWUDFWLRQ LV JRYHUQHG E\ WKH DOPRVW OLQHDU UDWHV RI WKH LVRPHUL]DWLRQ SURFHVV RU WKH XQGHUO\LQJ SRO\PHU
QHWZRUN
$FNQRZOHGJHPHQWV
:H ZRXOG OLNH WR DFNQRZOHGJH WKH WHDP RI WKH 0DFURPROHFXODU &KHPLVWU\ RI WKH 7HFKQLVFKH +RFKVFKXOH
1UQEHUJIRUSURYLGLQJWKH/&(WKDWZDVXVHGLQWKLVSDSHU7KLVZRUNKDVEHHQSDUWO\VXSSRUWHGE\%,21,&80D
SURMHFWRI,QLWLDWLYH$XIEUXFK%D\HUQILQDQFHGE\WKH%DYDULDQ6WDWH0LQLVWU\RIWKH(QYLURQPHQWDQG&RQVXPHU
3URWHFWLRQ
5HIHUHQFHV
=KDR<,NHGD76PDUW/LJKW5HVSRQVLYH0DWHULDOV:LOH\9&+
:DUQHU07HUHQWMHY(0/LTXLG&U\VWDO(ODVWRPHUV2[IRUG&ODUHQGRQ3UHVV
:LP+GH-HX/LTXLG&U\VWDO(ODVWRPHUV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